Neurosurg Focus 39 (5):E5, 2015 C ushing's disease (CD) is caused by excessive production of adrenocorticotropic hormone (ACTH) by a pituitary adenoma, 23 and usually reveals itself with a typical elevation of blood levels of ACTH, cortisol, and dehydroepiandrosterone sulfate (DHEA-S).
We hypothesize that elevation of tumor markers and the duration of disease may correlate with decreases of regional cerebral volume in patients with untreated CD, particularly in the hippocampus and cerebellum. We aim to explore the feasibility and accuracy of standard T1-weighted 3-T MRI with voxel-based morphometry (VBM) and an atlas-based volumetry approach to detect cerebral atrophy in patients with untreated CD.
methods
This prospective, single-center study was approved by the local ethics committee of the University Medical Center Hamburg-Eppendorf. All patients gave written informed consent for participation in this study and the subsequent use of all study-and treatment-related data for scientific publication.
inclusion/exclusion criteria
Male and female patients who were 18 years or older and who had previously untreated CD were included. Patients who were younger than 18 years or patients with a history of any structural brain pathology (e.g., traumatic brain injury, tumor, or stroke) were excluded from this study.
laboratory investigation
Blood draws were performed the day prior to transsphenoidal surgery to measure plasma levels of ACTH, cortisol, and DHEA-S.
image Acquisition
Patients underwent MRI prior to transsphenoidal surgery. Images of all patients and the 40 healthy control volunteers were acquired with a 3-T MR scanner (Siemens Skyra) using a standardized MR protocol comprising a high-resolution 3D, T1-weighted, magnetization-prepared rapid gradient echo (MPRAGE) imaging sequence for enhanced tissue contrast. The following settings were used: TR 1900 msec, TE 2.46 msec, TI 900 msec, flip angle 9°. Slice thickness was 0.94 mm and pixel size was 0.94 mm for both directions.
image Analysis
The MR images were segmented and stereotactically normalized to the Montreal Neurological Institute (MNI) space by using the combined segmentation and registration approach implemented in the SPM8 software package (released April 2009; Wellcome Trust Centre for Neuroimaging). Prior tissue probability maps for gray matter (GM), white matter (WM), and CSF were used to assist segmentation and registration, which were generated from a population of 662 healthy elderly subjects. 21 Maps feature an isotropic resolution of 1 mm. For all analyses, we used the default settings of the unified segmentation engine. The unified segmentation approach yielded 3 stereotactically normalized tissue maps (GM, WM, and CSF) with a voxel volume of 1 mm 3 and intensities between 0 and 1. The determinant of the Jacobian matrix of the transformation field was applied locally to ensure that the volume was preserved after stereotactic normalization (modulation). Stereotactically normalized and modulated tissue maps were further processed by applying a CSF mask to compensate for misclassification at the interface between CSF and bone. 18 Stereotactically normalized, modulated, and CSF-masked GM tissue maps were subjected to further analysis.
Total GM, WM, and CSF volumes were estimated by summation of all voxel values of the respective tissue maps multiplied by the voxel volume. The sum of GM, WM, and CSF volume is the total intracranial volume (TIV).
Voxelwise Statistical Analysis
For group comparison on the voxel level, a voxelwise statistical test was configured using the standard general linear model of SPM8 (VBM) to test GM reduction in the brain parenchyma. A corresponding binary mask composed of brain tissue voxels was used. Voxelwise statistical tests were performed on CSF-masked, stereotactically normalized, and modulated GM tissue maps restricted to voxels belonging to the brain tissue mask with an isotropic voxel grid; the grid size was 2 mm. The voxel volume was 0.008 ml. VBM produces parametric maps with the same dimension and voxel volume. We applied a 1-sided 2-sample t-test including age and TIV as covariates to test for GM reductions in the CD group as opposed to the normative database of healthy controls. Sex is not included since the TIV eliminates sex differences. 17 Prior to testing, GM tissue maps of both groups were further aligned using a high-dimensional elastic registration technique (DARTEL). 4 Finally, each GM tissue map was smoothed by an isotropic gaussian filter with a full width at halfmaximum of 4 mm, which is considered to be sufficient in combination with DARTEL. 17 The test was restricted to voxels defined by the brain tissue mask. The cluster threshold was set to 125 voxels; i.e., clusters with volumes of smaller than 1 ml were discarded. Parametric maps for p < 5E−07 were generated. Clusters were considered significant for q < 0.05, corrected for multiple comparisons using the false discovery rate method.
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Atlas-Based Volumetry
In addition, we performed atlas-based volumetry 18 for regions likely to be affected by CD, such as the hippocampus and cerebellum. Volumetric measures were calculated by a voxel-by-voxel multiplication and subsequent integration of stereotactically normalized, modulated, and CSFmasked GM tissue maps with predefined binary masks from different atlases. Binary masks for the left and right cerebellum were derived from the International Consortium for Brain Mapping (ICBM) 152 nonlinear atlas (version 2009), with a 1-mm isotropic resolution. 15 Resulting volumes for the left and right hemisphere were denoted as CVL and CVR (cerebellar volume left and right, respectively). For atlas-based hippocampal volumetry, hippocampus masks for the left and the right hemisphere derived from a freely available probabilistic cytoarchitectonic atlas 14 were used separately, yielding 2 subvolumes for each brain hemisphere; HVL and HVR (hippocampal volume left and right, respectively). The masks comprise the cornus ammonis (CA1-CA4) and fascia dentate substructures as defined by Amunts and coworkers, 2 and feature an isotropic resolution of 1 mm.
All volumes were corrected for TIV and age to reduce intersubject variability of no interest. For this purpose, first bilinear regression analysis was performed in the group of controls (40 subjects), with volume as a dependent variable and TIV and age as predictors, and then all volumes were adjusted to the mean age (63 years) and mean TIV (1424 ml) of the control group by using a bilinear formula. The Student 2-sample t-test (1-sided or 2-sided) was used to statistically compare absolute and adjusted volumes from atlas-based volumetry of patients with CD and healthy controls.
results patient characteristics and results of blood draws
Between November 2013 and May 2015, 32 patients met the inclusion criteria. Of these, 25 patients (20 female and 5 male) participated in this study; the 7 other patients did not want to participate. The median age was 46 years (with a range of 20-68 years and SD of 12.8 years).
As shown in Table 1 , the median estimated duration of disease was 24 months (range 0-156 months, SD 34 months), median preoperative ACTH levels were 17. 
preoperative mri
Twenty-five consecutive patients underwent 3-T MRI with a nonenhanced MPRAGE sequence; 6 MRI studies had to be discarded from further investigation for technical reasons, resulting in 19 scans that were analyzed for this study.
Sixteen patients showed microadenomas on standard sellar MRI, 2 patients had macroadenomas, and 1 tumor showed signs of invasive growth into the cavernous sinus. In 1 patient the preoperative MRI revealed a negative result; therefore the patient underwent cavernous sinus blood sampling as described by us in 2015.
voxelwise statistical Analysis
The groupwise comparison of GM tissue images obtained in patients with CD and in healthy controls yielded 4 separate clusters of reduced GM in the CD group in the left and right limbic system and left and right cerebellum (Fig. 1) . All clusters were significantly reduced in GM volume, with q < 0.0001 (false discovery rate corrected).
The highest t score (8.14) was found within the cluster located in the left cerebellum, with peak MNI coordinates of −28 mm, −76 mm, and −54 mm. The cluster size was 5.84 ml (730 voxels). Other significant clusters were located in the right cerebellum, with 5.98 ml (747 voxels; t score of peak = 7.87; peak MNI coordinates = 22, −76, −54); and right and left hippocampal areas, with 2.61 ml (326 voxels; t score of peak = 8.12; peak MNI 26, 2, −18) and 1.13 ml (141 voxels; t score of peak = 7.35; peak MNI −24, −2, and −16), respectively.
Atlas-based volumetry
There was a significant reduction of lateral cerebral and hippocampal volumes (adjusted to the mean age and mean TIV of the control group) in patients with CD compared with healthy controls (p < 0.0001) ( Table 2) .
cerebral volume and tumor markers
Decreased bilateral hippocampal and cerebellar GM volume displayed no significant correlation to preoperative levels of cortisol (hippocampus right, p = 0.869; hip- Adj = adjusted; CVL = cerebellar volume left; CVR = cerebellar volume right; HVL = hippocampal volume left; HVR = hippocampal volume right. * All volumes were adjusted to the mean TIV (1424 ml) and mean age (63 years) of the control group by using bilinear regression. Unless otherwise specified, values are expressed as the mean ± SD. † Two-sample t-test. pocampus left, p = 0.825; cerebellum right, p = 0.796; cerebellum left, p = 0.981). The duration of illness did also not affect the GM volumes or the endocrinological tumor markers.
Figures 2 and 3 demonstrate MRI findings in an illustrative case of CD and a healthy control.
discussion
Our study shows that standard 3-T MRI can detect atrophic degeneration of the brain in biologically active, untreated CD. We detected 2 different regions that are subject to significant reduction of GM compared with age-adjusted healthy controls. The most significant areas of reduction of GM were the hippocampal regions and the cerebellum.
This effect of CD and CS has been described in previous studies, 10 and was discussed in relation to glucocorticoids and their neurotoxic effects. 19 It has been argued that the high prevalence of mineralocorticoid receptors and glucocorticoid receptors is a possible reason for volume reduction in the hippocampus.
The hippocampus, the amygdala, and the anterior cingulate gyrus form a neural circuit, which is mainly responsible for stress reactivity. Therefore, dysfunction in this area is hypothesized to be related to mood and anxiety disorders, 7 which are common symptoms in patients with CD. 1, 27, 35, 36 Major depressive disorder is the most common and severe psychiatric disorder associated with chronic endogenous hypercortisolism. A recent review by Pivonello and colleagues shows a prevalence of major depressive disorder in 50%-81% of patients with CS. Although chronic glucocorticoid overproduction is associated with atrophy of the hippocampus in patients with depression, the mechanism remains largely unknown. Decreasing glucose uptake and the toxic effect of excitatory amino acids on nervous cells are discussed, along with the theory of declining synthesis of neurotrophic factors and the hypothesis that excess glucocorticoids could suppress neurogenesis in the dentate gyrus, leading to hippocampal volume loss. 30 To date only 1 study can be identified that used a similar technique in patients in long-term remission of CD, 3 but not in those with untreated disease. In their study, Andela et al. found a significant reduction of volume of the gyrus cinguli in patients after long-term remission of CD, and they hypothesized that these changes play a role in the long-term psychological dysfunction found in patients in whom CD has been cured.
Changes in cerebellar volume are also known to be caused by elevated cortisol levels and stress, 3, 28 which may also facilitate changes in cognitive function and emotional control. 5 Whereas Andela et al. found an increase in cerebellar volume in their patients 6 months after cure, our data show a lower cerebellar volume, supporting the results published by Santos et al. in 2014, 31 who also found a significant reduction of cerebellar volume in patients with active CS. These findings correspond to the presence of glucocorticoid receptors in the cerebellum, 16 and could explain our results of lower cerebellar volume, which are confirmed by the results of Santos et al. and Momose et al. Interestingly, we did not find a significant correlation between the duration of illness and reduction of GM, or between the elevation of cortisol, ACTH, and DHEA-S and reduction of GM, which is most likely to be due to the relatively small sample size of only 19 patients.
conclusions
Patients with active, untreated CD show a significant reduction of GM in both hippocampi and cerebellar hemispheres. These volume reductions are detectable on standard 3-T MRI and can be objectified by the quantitative voxel-based volumetric method described in this study. Further studies are needed to evaluate the long-term effects of GM reduction in patients with CD regarding neuroendocrinological biomarkers, duration of illness, and depressive symptoms.
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